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Abstract
Vector-like top partner plays a central role in many new physics models which attempt to address
the hierarchy problem. The top partner is conventionally assumed to decay to a quark (bottom
or top) and a SM boson (W , Z or Higgs). However, it is also possible that the top partner
decays to a non-SM scalar, which provides a new window to search for top partner at the LHC.
In this paper, with classical machine learning method Boosted Decision Tree (BDT), we perform
a model independent study of the discovery potential of this new signature at the LHC. Both the
conventional pair production process and unconventional single production process are considered.
We compare the detecting capability of pair production and single production. Our result shows
that single production can overmatch pair production at 14 TeV LHC, provided that top partner
is heavier than 1.1 TeV.
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I. INTRODUCTION
The observation of Higgs boson has completed the Standard Model (SM) [1, 2]. However,
the radiative stability of the Higgs boson mass is widely considered as a major theoretical
motivation for new physics beyond the SM. A popular method to cure this problem is to
introduce a softly-broken supersymmetry (SUSY), then quadratically divergences can be
cancelled exactly by the super-partners. Due to large top Yukawa coupling, spin-0 top-
squark plays a central role in SUSY search. Besides, spin-1/2 vector-like top partner (noted
as T ) could also arise in new physics models which attempt to stabilize the Higgs mass, like
the composite Higgs model with partial compositeness [3–8]. Through the mixing with top
quark, spin-1/2 vector-like top partner decays to bW+, tZ and th [9, 10]. Current direct
searches, which are designed for these conventional decay channels, have excluded the mass
of top partner up to about 1 TeV [11–20].
However, it is possible for vector-like top partner to decay exotically [21–33]. For example,
if the ultraviolet (UV) completion of composite Higgs model is constructed by introducing
new fermions that are charged under a new strong gauge interaction, then generally there are
other light pNGBs in addition to the SM Higgs doublet [34–37]. In such UV construction,
a light CP-odd pseudo-scalar (noted as a), which is associated to a non-anomalous axial
U(1) global symmetry, always arise. This can lead to a new decay channel of vector-like
top quark, T → ta, if kinematic allowed 1. If a is heavier than 350 GeV, it mainly decay
to tt¯ and then give six top quark final states through the pair production of vector-like top
partner [25]. If a is lighter than 350 GeV, its dominant decay channel could be a → bb¯ or
a→ gg. In the former case, due to multiple b-jets in final state, mT can be excluded up to
about 1 TeV [30]. While in the latter case, current LHC searches become insensitive and
mT around 400 GeV ∼ 550 GeV can still survive [30].
In this paper we investigate the discovery potential of the signature from T → ta, through
the single top partner production process pp → Tj and the pair top partner production
process pp → T¯ T (c.f. Fig. 1), at the LHC. Our analysis will mostly be performed in
a model independent way. The model independent results we obtained in this work can
be easily interpreted to a concrete model. Due the large QCD coupling, pp → T¯ T is the
conventional production process in top partner search. In contrast with the pair production
1 a or other pNGBs can also be directly probed by searching for di-boson or fermion pair signals [38, 39].
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FIG. 1. Feynman Diagrams: the pair production process pp→ T T¯ (left) and the single production
process pp→ Tj (right) at the LHC. Bottom quark is considered as parton in proton.
of top partner, pp → Tj is induced by electro-weak coupling which is much weaker than
QCD coupling. But single production of top partner has a larger phase space and can be
enhanced by the collinear effect from the light quark emitting a W -boson in high energy
region [47]. These features may make the single production process as a sensitive probe
of top partner at the LHC, especially when top partner is heavy2. A direct comparison of
the detecting capability of pair production and single production is lacking in the vector-
like top partner search literature. In this work, we will compare their sensitivity through
a detailed simulation. Given the large QCD background at hadron collider, we will focus
on the diphoton decay channel of pNGB a. Classical machine learning method Boosted
Decision Tree (BDT) will be used to improve the sensitivity [48].
The rest of this paper is organized as follows. In Section II, we present the model
framework of vector-like top partner plus a light pNGB a. In Section III we perform a
detailed Monte Carlo simulation of our signal process and main background process. Model
independent exclusion limits of both single and pair production process, and the sensitivity
comparison of them, will be given. In Section IV we use two benchmark models to show how
to obtain the exclusion limits of a concrete model by using our model independent results.
Finally we conclude our work in Section V.
2 Recent study of singly produced vector-like quarks see [49].
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II. CALCULATION FRAMEWORK
We consider the extension of the SM by a vector-like top partner T with electric charge
+2/3 plus a pseudo-scalar a. This simplified scenario can be embedded in many new physics
models [27–29, 36, 40–43]. To be specific, the relevant Lagrangian of such a vector-like top
partner can be expressed as:
LT = T
(
i /D −mT
)
T +
(
κTW,L
g√
2
T /W
+
PLb+ κ
T
Z,L
g
2cW
T /ZPLt
−κTh,L
mT
v
ThPLt+ iκ
T
a,L
mT
v
TaPLt+ L↔ R + h.c.
)
, (1)
where mT is the mass of top partner, and the couplings κ
T
i describe the effective interactions
between the top partner and the SM particles, and the pseudo-scalar a as well. Since we
focus on the single top partner production process pp → T (→ ta)j via the electroweak
coupling, we only keep κTW,L and κ
T
a,L
3, and neglect other κTi in this work for simplicity.
On the other hand, the most general interactions of the pseudo-scalar a with the SM
particles is given by
La = 1
2
(∂µa)(∂
µa)− 1
2
m2aa
2 +−
∑
f
iCafmf
fa
af¯γ5f +
g2sK
a
g
16pi2fa
aGaµνG˜
aµν
+
e2Kaγ
16pi2fa
aAµνA˜
µν +
g2c2WK
a
Z
16pi2fa
aZµνZ˜
µν +
egcWK
a
Zγ
8pi2fa
aAµνZ˜
µν +
g2KaW
16pi2fa
aWµνW˜
µν ,(2)
where the gauge boson field strength and its conjecture are defined as Vµν = ∂µVν − ∂νVµ
and V˜µν = µνρσV
ρσ. Caf and K
a
V are the couplings for af¯f and aV V˜ , respectively.
If Caf are sizable compared with K
a
V , then BR(a→ b¯b) will be a dominant decay channel
of a when ma < 350 GeV. In this case, multiple bottom quark jets in the final state help
to suppress QCD background, and mT <∼ 1 TeV can be excluded by current data [30].
However, if Caf is negligible, a → gg will be the dominant decay channel, and the direct
search sensitivity will be quite low for light pseudo-scalar a. It is possible to enhance search
sensitivity in this case, if we consider a→ γγ channel. Even BR(a→ γγ) is generally much
smaller than BR(a→ gg), photon pair present in the final state helps to suppress the huge
QCD background. We will assume Caf to be negligible, and focus on photon pair signal in
our following collider analysis.
3 For conciseness, κTW,L and κ
T
a,L will be noted as κ
T
W and κ
T
a in the following.
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III. NUMERICAL CALCULATIONS AND RESULTS
mT [GeV]
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FIG. 2. The cross sections of single T and pair T production at 14 TeV LHC. The conjugated
process pp→ T¯ j is included in single production as well. The coupling kTW is taken as 0.1 and 0.05
for example.
In Fig. 2, we present the cross sections of single and pair production of top partner at
14 TeV LHC. We normalize their LO results, which is calculated by MadGrpaph5 [50], to
the NLO QCD predictions by using a K-factor 0.95 [53] and 1.3 [54] for single and pair
production, respectively. It can be seen that the cross section of top partner pair production
decreases faster than that of single top partner production. When mT > 1 TeV, the single
production could have a cross section larger than the pair production at 14 TeV LHC,
provided kTW is not too small.
In our basic setting, we only maintain top partner’s coupling κTW and κ
T
a , and thus T
can only decay to ta or bW±. In order to suppress the QCD background, for both single
and pair process we require a photon pair to appear in the final state. Thus for single
production channel, the only process we need to consider is pp → Tj → taj followed by
a→ γγ. For pair production channel, due to a generally very small BR(a→ γγ), we require
only one top partner to decay exotically followed by a → γγ, and another top partner can
decay to either bW± or ta (with a mainly decay to gg). For simplicity, in the following
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we will choose BR(T → ta) = BR(T → bW+) = 0.5. After such choice, we can treat
σ(pp → Tj), BR(T → ta), and BR(a → γγ) as unconcerned parameters temperately and
focus on the variable distribution. Thus for our model independent analysis, only mT and
ma are relevant.
In the Monte Carlo simulation, we implement our effective Lagrangian by FeynRules [45],
and generate the parton-level signal and background events with MadGrpaph5 [50]. Parton
shower and hadronization are performed by PYTHIA [55]. The detector effect is simulated
by Delphes [56]. We assume the b-tagging efficiency to be 70% and the rate of mis-tagging
a light quark jet or gluon jet as a b-jet to be 1%.
A. single production of top partner
The full signal process we consider is pp → Tj → t(→ bl+νl)a(→ γγ)j. The main
SM background processes are from the resonant processes: pp → tt¯h, pp → Whjj and
pp→ thj, where the SM Higgs decays to the diphoton. Besides, there are also non-resonant
backgrounds: pp → tt¯γγ, pp → tjγγ and pp → Wjjγγ, where two photons come from the
radiation of charged particles. To further clean the events, we use a basic selection criteria
to pick the the events used in our analysis:
1. The hardest jet is required to have pT > 100 GeV and |η| < 2.5.
2. Exactly one b-jet with pT > 20 GeV and |η| < 2.5.
3. Exactly one isolated lepton (electron or muon) with pT > 20 GeV and |η| < 2.5.
4. Exactly two photons with pT > 20 GeV and |η| < 2.5.
In order to illustrate the difference between signal and background, we consider two
benchmark points (BP):
BP 1: mT = 800 GeV , ma = 50 GeV (3)
BP 2: mT = 800 GeV , ma = 200 GeV (4)
We also fix κTW , BR(T → ta), and BR(a → γγ) to 0.1, 50%, and 1% respectively for
illustration. The cut-flow table of our basic selection for these two BPs and the main
backgrounds is given in Tab. I.
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Basic Selection
BP1
(fb)
BP2
(fb)
tt¯h
(h→ γγ)
(fb)
Whjj
(h→ γγ)
(fb)
tt¯γγ
(fb)
tjγγ
(fb)
Wjjγγ
(fb)
thj
(h→ γγ)
(fb)
hardest jet with
pT > 100 GeV and |η| < 2.5
0.5208 0.5239 0.8008 0.4147 10.2149 14.1207 165.8125 0.0749
1 b-jet with
pT > 20 GeV and |η| < 2.5
0.2508 0.2511 0.3724 0.0422 4.7306 5.3725 19.0956 0.0300
1 lepton with
pT > 20 GeV and |η| < 2.5
0.0826 0.0829 0.1338 0.0077 1.6864 1.3674 3.4811 0.0072
2 γ with
pT > 20 GeV and |η| < 2.5
0.0256 0.0295 0.0742 0.0058 0.6596 0.5004 1.7582 0.0048
TABLE I. Cut-flow table of our basic selection criteria. For illustration of signal process in this
table, we fix κTW , BR(T → ta), and BR(a→ γγ) to 0.1, 50%, and 1% respectively.
After basic selection, the type and number of final state particles are the same for signal
and background process. However, particles in signal process comes from the decay of heavy
T , while particles in background process comes from continuous scattering and radiation.
Thus some kinetic variables can be used to further distinguish signal and background. Here
we consider following variables that could be different for signal and background:
• η of the hardest jet. The hardest jet, which recoiled by the t-channel W boson, tends
to be more central.
• Reconstructed top partner mass, noted as m˜T and defined by:
m˜T =
√
(pvisible + pinvisible)2 (5)
Here, the visible 4-momentum pvisible is the sum of 4-momentums of b-jet, lepton, and
2 photons. Invisible 4-momentum pinvisible is defined as (E/T, ~p
miss
T , 0). The difference
between pν and pinvisible is the longitudinal momentum of neutrino. Due to a quite
long decay chain of T , missing the longitudinal momentum of neutrino only affect the
reconstruction of top partner finitely. And thus we have m˜T ∼ mT for signal process.
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• Distance between two photons ∆Rγγ. Defined as:
∆Rγγ =
√
(∆ηγγ)2 + (∆φγγ)2 (6)
∆ηγγ and ∆φγγ are the pseudorapidity and azimuthal angle difference of two photons.
Because a is highly boosted when T is much heavier than a, so ∆Rγγ tends to be small
for signal. While ∆Rγγ of background would be quite random.
• Invariant mass of the photon pair, mγγ. mγγ should be around ma providing Γa is not
too large. Because decay constant fa is larger than TeV scale, this requirement can
be easily satisfied.
• Transverse momentum of visible final state particles also provide useful informations.
Because of the heavy resonance T in signal process, spectrum of final state particles
tend to be harder than the SM background. Here we consider following variables for
discrimination:
pT of the hardest jet , pT of the second hardest jet
pT of b-jet , pT of lepton
pT of the 1st photon , pT of the 2nd photon
In Fig. 3 we show the normalized distributions of six variables that are striking different for
our BPs and the SM background. As we expected, for signal process the mass of top partner
T and pseudo-scalar a can be reconstructed quite well, photon pair are more collinear, and
those transverse momentums tend to be harder. Variables we do not show here are not
so different for signal and background, and thus they are sub-dominant. In order to fully
utilize all the information to distinguish signal and background, we use Boosted Decision
Tree (BDT) [48], which is implemented in TMVA-Toolkit [59], to do a multiple variables
analysis. All the variables after basic selection are used as input: 1st jet η, m˜T , ∆Rγγ, mγγ, 1st jet pT,2nd jet pT, 1st γ pT, 2nd γ pT, l pT, b-jet pT
 . (7)
In BDT setting, we use 200 decision trees, choose minimum in leaf node as 2.5%, and set
maximum depth as 3. Half of the events are chosen as test events, and Kolmogorov-Smirnov
9
100 200 300 400 500 600 700 800
4−10
3−10
2−10
1−10 Entries  10000
Mean    226.4
Std Dev     85.58
BP1
BP2
BKG
100 200 300 400 500 600 700 800
3−10
2−10
1−10
Entries  10000
Mean      339
Std Dev     102.8
BP1
BP2
BKG
0 50 100 150 200 250 3000
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
Entries  10000
Mean    59.57
Std Dev      37.7
BP1
BP2
BKG
0 0.5 1 1.5 2 2.5 30
0.02
0.04
0.06
0.08
0.1
0.12
Entries  10000
Mean   0.4316
Std Dev    0.6038
BP1
BP2
BKG
200 300 400 500 600 700 800 900 1000 1100 12000
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Entries  10000
Mean    735.8
Std Dev     164.3
BP1
BP2
BKG
3− 2− 1− 0 1 2 30
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
Entries  10000
Mean   0.01076
Std Dev     1.015
BP1
BP2
BKG
P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit> P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>
P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>P
ro
b
a
b
il
it
y
<latexit sha1_base64="WouEx7o20xereSqq7Vqqrtv4orM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQY9FLx4r2A9oQ9lsN+3SzSbsTqQh5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiy4Bsf5tkobm1vbO+Xdyt7+weGRfVzt6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vWnd3O/+8SU5pF8hDRmXkjGkgecEjDS0K4OgM0ga6nIJz4XHNJ8aNecurMAXiduQWqoQGtofw1GEU1CJoEKonXfdWLwMqKAU8HyyiDRLCZ0Ssasb6gkIdNetrg9x+dGGeEgUqYk4IX6eyIjodZp6JvOkMBEr3pz8T+vn0Bw42VcxgkwSZeLgkRgiPA8CDziilEQqSGEKm5uxXRCFKFg4qqYENzVl9dJp1F3L+uNh6ta87aIo4xO0Rm6QC66Rk10j1qojSiaoWf0it6s3Hqx3q2PZWvJKmZO0B9Ynz/jzZT9</latexit>
m˜T [GeV]
<latexit sha1_base64="LzCU0WVPiaw2utK91IDUq6tObtg=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9iNgh6DHvQYIS/IL mF20kmGzD6Y6RXDErz4K148KOLVr/Dm3zhJ9qCJBQ1FVTfdXX4shUbb/raWlldW19ZzG/nNre2d3cLefkNHieJQ55GMVMtnGqQIoY4CJbRiBSzwJTT94fXEb96D0iIKaziKwQtYPxQ9wRkaqVM4dFHILqTBuFOjLsIDprR9Aw1v3CkU7ZI9BV0kTkaKJEO1U/hyuxFPAg iRS6Z127Fj9FKmUHAJ47ybaIgZH7I+tA0NWQDaS6cvjOmJUbq0FylTIdKp+nsiZYHWo8A3nQHDgZ73JuJ/XjvB3qWXijBOEEI+W9RLJMWITvKgXaGAoxwZwrgS5lbKB0wxjia1vAnBmX95kTTKJeesVL47L1ausjhy5Igck1PikAtSIbekSuqEk0fyTF7Jm/VkvVjv1se sdcnKZg7IH1ifPyUil0I=</latexit>
 R  
<latexit sha1_base64="RMfactWQiWa10ffm4jQqEH5eY3U=">AAACAHicbVA9T8MwEHXKVylfAQYGFosKialKChKMFTAwFkRbp CaKLq7bWrWTyHaQqigLf4WFAYRY+Rls/BvcNgO0POlOT+/dyb4XJpwp7TjfVmlpeWV1rbxe2djc2t6xd/faKk4loS0S81g+hKAoZxFtaaY5fUgkBRFy2glHVxO/80ilYnF0r8cJ9QUMItZnBLSRAvvAu6ZcA74LMm8AQsCs54FddWrOFHiRuAWpogLNwP7yejFJBY004a BU13US7WcgNSOc5hUvVTQBMoIB7RoagaDKz6YH5PjYKD3cj6WpSOOp+nsjA6HUWIRmUoAeqnlvIv7ndVPdv/AzFiWpphGZPdRPOdYxnqSBe0xSovnYECCSmb9iMgQJRJvMKiYEd/7kRdKu19zTWv32rNq4LOIoo0N0hE6Qi85RA92gJmohgnL0jF7Rm/VkvVjv1sdstGQ VO/voD6zPH4xFlmI=</latexit>
m   [GeV]
<latexit sha1_base64="YWfOuC2eloFWSGT9243214u2mbc="> AAACBnicbVDLSgNBEJyNrxhfUY8iDAbBU9iNgh6DHvQYwTwgWcLspJMMmdldZnrFsOTkxV/x4kERr36DN//GyeOgiQXdFFXdzHQFsRQ GXffbySwtr6yuZddzG5tb2zv53b2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8HV2K/fgzYiCu9wGIOvWC8UXcEZWqmdP1TttNVjSr FpH7UQHjClzWuo+aN2vuAW3QnoIvFmpEBmqLTzX61OxBMFIXLJjGl6box+yjQKLmGUayUGYsYHrAdNS0OmwPjp5IwRPbZKh3YjbStEO lF/b6RMGTNUgZ1UDPtm3huL/3nNBLsXfirCOEEI+fShbiIpRnScCe0IDRzl0BLGtbB/pbzPNONok8vZELz5kxdJrVT0Toul27NC+XIW R5YckCNyQjxyTsrkhlRIlXDySJ7JK3lznpwX5935mI5mnNnOPvkD5/MHuOiZRg==</latexit>
pT of the hardest jet [GeV]
<latexit sha1_base64="wr57cacsdIOc9NHR8cj4pzcBr9Y=">AAACF3icbZDJSgNBEIZ74h63qEcvjYngKcyooEfRgx4jZINkC D2dmqRNz0J3jRiGeQsvvooXD4p41ZtvY2c5aOIPDR9/VVFdvxdLodG2v63cwuLS8srqWn59Y3Nru7CzW9dRojjUeCQj1fSYBilCqKFACc1YAQs8CQ1vcDWqN+5BaRGFVRzG4AasFwpfcIbG6hTKbYQHTEtxJ51QNctKNPIp9oH2meqCRnoHSFvXUHezTqFol+2x6Dw4Uy iSqSqdwle7G/EkgBC5ZFq3HDtGN2UKBZeQ5duJhpjxAetBy2DIAtBuOr4ro4fG6VI/UuaFSMfu74mUBVoPA890Bgz7erY2Mv+rtRL0z91UhHGCEPLJIj+RFCM6Col2hQKOcmiAcSXMXyk3YTCOJsq8CcGZPXke6sdl56R8fHtavLicxrFK9skBOSIOOSMX5IZUSI1w8ki eySt5s56sF+vd+pi05qzpzB75I+vzB9MEn64=</latexit>
pT of the harder photon [GeV]
<latexit sha1_base64="3I05E9Vv4rB+LulCLXPjT7ypq5A=">AAACGXicbZDLSgMxFIYz3q23qks3wSq4KjMq6LLoQpcKvQjtU DLpGRvMJENyRizDvIYbX8WNC0Vc6sq3Mb0svP0Q+PjPOZycP0qlsOj7n97U9Mzs3PzCYmlpeWV1rby+0bQ6MxwaXEttriJmQQoFDRQo4So1wJJIQiu6OR3WW7dgrNCqjoMUwoRdKxELztBZ3bLfQbjDfCft5mOqF8UO1THFPtA+Mz0wNO1r1Iq2z6AZFt1yxa/6I9G/EE ygQia66JbfOz3NswQUcsmsbQd+imHODAouoSh1Mgsp4zfsGtoOFUvAhvnosoLuOqdHY23cU0hH7veJnCXWDpLIdSYM+/Z3bWj+V2tnGB+HuVBphqD4eFGcSYqaDmOiPWGAoxw4YNwI91fKXRyMowuz5EIIfp/8F5r71eCgun95WKmdTOJYIFtkm+yRgByRGjknF6RBOLk nj+SZvHgP3pP36r2NW6e8ycwm+SHv4wuVTKCi</latexit>
⌘ of the hardest jet [GeV]
<latexit sha1_base64="R3x/ kZ0J85HwFw50o0FfPV+lHFo=">AAACD3icbVDJSgNBEO1xjXGL evTSmCiewkwU9Bj0oMcIZoFkCD2dmqRNz0J3jRiG/IEXf8WLB0 W8evXm39hZDpr4oODxXhVV9bxYCo22/W0tLC4tr6xm1rLrG5tb 27md3ZqOEsWhyiMZqYbHNEgRQhUFSmjECljgSah7/cuRX78HpUU U3uIgBjdg3VD4gjM0Ujt31EJ4wLTQAmQFGvkUe0B7THVAI70Dp M0rqLnDdi5vF+0x6DxxpiRPpqi0c1+tTsSTAELkkmnddOwY3ZQ pFFzCMNtKNMSM91kXmoaGLADtpuN/hvTQKB3qR8pUiHSs/p5IW aD1IPBMZ8Cwp2e9kfif10zQP3dTEcYJQsgni/xEUozoKBzaEQo4 yoEhjCthbqXchME4mgizJgRn9uV5UisVnZNi6eY0X76YxpEh++ SAHBOHnJEyuSYVUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5 A5sqm8A=</latexit>
FIG. 3. Normalized distributions of the variables that we used to distinguish signal from back-
ground. Here BKG (background) means the combination of all the six background process. The
proportion of each process is proportional to their cross-section after basic selection.
test is required to be larger than 0.01 to avoid overtraining. BDT maps the multiple variables
to a BDT response. A signal-like event tends to get a large response, while a background-like
event tends to get a small response. Thus the cut can be easily performed by requiring the
BDT response to be larger than a value. We denote the amount of signal and background
events after BDT response cut as S and B respectively. Statistical significance is evaluated
by Poisson formula
Significance =
√
2
[
(S + B)ln(1 + SB )− S
]
. (8)
If Significance > 2 and the experiment result is consistent with the SM expectation, then
this signal is excluded at 2σ confidence level. Considering the systematics at hadron collider,
we also require S/B to be larger than 0.1. In Fig. 4 we present S/B and Significance as
function of BDT response cut. Fig. 4 shows that BP1 can be excluded at 2σ with integral
10
BDT response cut
<latexit sha1_base64="sQtXnUV5rY5xCwwzi8ce2Kl4Mo I=">AAACAHicbVA9SwNBEN3zM8avUwsLm8UgWIW7KGgZooVlhHxBEsLeZpIs2ds7dufEcKTxr9hYKGLrz7Dz37j5KDTxwcD jvRlm5gWxFAY979tZWV1b39jMbGW3d3b39t2Dw5qJEs2hyiMZ6UbADEihoIoCJTRiDSwMJNSD4c3Erz+ANiJSFRzF0A5ZX4 me4Ayt1HGPWwiPmJZuK1SDiSNlgPIExx035+W9Kegy8eckR+Yod9yvVjfiSQgKuWTGNH0vxnbKNAouYZxtJQZixoesD01L FQvBtNPpA2N6ZpUu7UXalkI6VX9PpCw0ZhQGtjNkODCL3kT8z2sm2Ltup0LFCYLis0W9RFKM6CQN2hUaOMqRJYxrYW+lfMA 042gzy9oQ/MWXl0mtkPcv8oX7y1yxNI8jQ07IKTknPrkiRXJHyqRKOBmTZ/JK3pwn58V5dz5mrSvOfOaI/IHz+QPCmZaD</ latexit>
BDT response cut
<latexit sha1_base64="sQtXnUV5rY5xCwwzi8ce2Kl4MoI=">AAACAHicbVA9SwNBEN3zM8avUwsLm8UgWIW7KGgZooV lhHxBEsLeZpIs2ds7dufEcKTxr9hYKGLrz7Dz37j5KDTxwcDjvRlm5gWxFAY979tZWV1b39jMbGW3d3b39t2Dw5qJEs2hyiMZ6UbADEihoIoCJTRiDSwMJNSD4c3Erz+ANiJSFRzF0A5ZX4me4Ayt1HGPWwiPmJZuK1SDiSNlgPIExx035+W9Kegy8eckR +Yod9yvVjfiSQgKuWTGNH0vxnbKNAouYZxtJQZixoesD01LFQvBtNPpA2N6ZpUu7UXalkI6VX9PpCw0ZhQGtjNkODCL3kT8z2sm2Ltup0LFCYLis0W9RFKM6CQN2hUaOMqRJYxrYW+lfMA042gzy9oQ/MWXl0mtkPcv8oX7y1yxNI8jQ07IKTknPrkiRXJ HyqRKOBmTZ/JK3pwn58V5dz5mrSvOfOaI/IHz+QPCmZaD</latexit>
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<latexit sha1_base64="yo/svXWG6zv7K6lZdwhz5AaBTro=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KkkV9Fj04rGi/YA2lM122i7dbMLuRAyh/hUvHhTx6g/x5r9x2+agrQ8GHu/NMDMviAXX6Lrf1srq2vrGZmGruL2zu7dvHxw2dZQoBg0WiUi1A6pBcAkN5CigHSugYSCgFYyvp37rAZTmkbzHNAY/pEPJB5xRNFLPLnURHjG747kqGUx6dtmtuDM4y8TLSZnkqPfsr24/YkkIEpmgWnc8N0Y/owo5EzApdhMNMWVjOoSOoZKGoP1sdvzEOTFK3xlEypREZ6b+nshoqHUaBqYzpDjSi95U/M/rJDi49DMu4wRBsvmiQSIcjJxpEk6fK2AoUkMoU9zc6rARVZShyatoQvAWX14mzWrFO6tUb8/Ltas8jgI5IsfklHjkgtTIDamTBmEkJc/klbxZT9aL9W59zFtXrHymRP7A+vwBdDmVSQ==</latexit>
2  exclusion limit
<latexit sha1_base64="SU2LTEN+Tjks8ai+3Uf5xkQx8G4=">AAACCXicbVC7SgNBFJ31GeNr1dJmMBGswm4UtAzaWEYwD0hCmJ3cJENmdpeZu5 KwpLXxV2wsFLH1D+z8GyePQhMPDBzOOZc79wSxFAY979tZWV1b39jMbGW3d3b39t2Dw6qJEs2hwiMZ6XrADEgRQgUFSqjHGpgKJNSCwc3Erz2ANiIK73EUQ0uxXii6gjO0UtulTYQhpsV804ieYnkKQy6TSZxKoQSO227OK3hT0GXiz0mOzFFuu1/NTsQTBSFyyYxp+F6MrZRpFFzCONtMDMSMD1gPGpaG TIFppdNLxvTUKh3ajbR9IdKp+nsiZcqYkQpsUjHsm0VvIv7nNRLsXrVSEcYJQshni7qJpBjRSS20IzRwlCNLGNfC/pXyPtOMoy0va0vwF09eJtViwT8vFO8ucqXreR0ZckxOyBnxySUpkVtSJhXCySN5Jq/kzXlyXpx352MWXXHmM0fkD5zPH2gpmig=</latexit>
S/
B
<latexit sha1_base64="PZdOqi18A+1u/mLTgT2WN8RoFHE=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCK5qUgVdlrpxWdFeoC1lMp20QyeTMDMRSsjGV3HjQhG3PoY738ZJG0Rbfxj4+M85zDm/F3GmtON8WUvLK6tr64WN4ubW9s6uvbffVGEsCW2QkIey7WFFORO0oZnmtB1JigOP05Y3vs7qrQcqFQvFvZ5EtBfgoWA+I1gbq28fdgOsRwTz5C49++Fa2rdLTtmZCi2Cm0MJctX79md3EJI4oEITjpXquE6kewmWmhFO02I3VjTCZIyHtGNQ4ICqXjI9IEUnxhkgP5TmCY2m7u+JBAdKTQLPdGYrqvlaZv5X68Tav+olTESxpoLMPvJjjnSIsjTQgElKNJ8YwEQysysiIywx0SazognBnT95EZqVsntertxelKq1PI4CHMExnIILl1CFG6hDAwik8AQv8Go9Ws/Wm/U+a12y8pkD+CPr4xsRapa1</latexit>
S/B = 0.1
<latexit sha1_base64="zPSdk6bOjVewQtm2xXM5Dq3Ms08=">AAACBHicbZDLSs NAFIZPvNZ6i7rsJlgEVzGpgm6EUjcuK9oLtKFMppN26GQSZiZCCV248VXcuFDErQ/hzrdx0gbR1h8GPv5zDnPO78eMSuU4X8bS8srq2npho7i5tb2za+7tN2WUCEwaOGKR aPtIEkY5aSiqGGnHgqDQZ6Tlj66yeuueCEkjfqfGMfFCNOA0oBgpbfXMUjdEaogRS28nJz9cm1w6ttszy47tTGUtgptDGXLVe+Zntx/hJCRcYYak7LhOrLwUCUUxI5NiN5E kRniEBqSjkaOQSC+dHjGxjrTTt4JI6MeVNXV/T6QolHIc+rozW1PO1zLzv1onUcGFl1IeJ4pwPPsoSJilIitLxOpTQbBiYw0IC6p3tfAQCYSVzq2oQ3DnT16EZsV2T+3Kz Vm5WsvjKEAJDuEYXDiHKlxDHRqA4QGe4AVejUfj2Xgz3metS0Y+cwB/ZHx8AwFFl6k=</latexit>
FIG. 4. Left: S/B as functions of BDT response cut. Right: Significance as functions of BDT
response cut. Unlike S/B, Significance also depends on integral luminosity.
Luminosity 300 fb 1
<latexit sha1_base64="yoVoVNHJO35eHcxLnsMwfM7ZZYk=">AAACCHi cbVA9SwNBEN2LXzF+RS0tXEwEG8NdImgZtLGwiGA+IIlhb7OXLNnbO3bnxHBcaeNfsbFQxNafYOe/cZNcodEHA4/3ZpiZ54aCa7DtLyuzsLi0vJJdza2tb 2xu5bd3GjqIFGV1GohAtVyimeCS1YGDYK1QMeK7gjXd0cXEb94xpXkgb2Acsq5PBpJ7nBIwUi+/3wF2D/FV5HMZaA5jXLFtXPTc2/jYSYpJL1+wS/YU+C 9xUlJAKWq9/GenH9DIZxKoIFq3HTuEbkwUcCpYkutEmoWEjsiAtQ2VxGe6G08fSfChUfrYC5QpCXiq/pyIia/12HdNp09gqOe9ifif147AO+vGXIYRMEl ni7xIYAjwJBXc54pREGNDCFXc3IrpkChCwWSXMyE48y//JY1yyamUytcnhep5GkcW7aEDdIQcdIqq6BLVUB1R9ICe0At6tR6tZ+vNep+1Zqx0Zhf9gvXxD UM1mNI=</latexit>
Luminosity 3000 fb 1
<latexit sha1_base64="U9oup+xkyL9nfxEn7OXOI/xXsC0=">AAACCXicbVC7SgNBFJ2NrxhfUUubwUSwMewmgpZBGwuLCOYByRpmJ7PJkNnZZeauuC xpbfwVGwtFbP0DO//GyaPQxAMXDufcy733eJHgGmz728osLa+srmXXcxubW9s7+d29hg5jRVmdhiJULY9oJrhkdeAgWCtSjASeYE1veDn2m/dMaR7KW0gi5gakL7nPKQEjdfO4A+wB0us44DLUHBJcsW0bF33vLj1xRsVRN1+wS/YEeJE4M1JAM9S6+a9OL6RxwCRQQbRuO3YEbkoUcCrYKNeJNYsIHZI+axsqScC0m 04+GeEjo/SwHypTEvBE/T2RkkDrJPBMZ0BgoOe9sfif147BP3dTLqMYmKTTRX4sMIR4HAvuccUoiMQQQhU3t2I6IIpQMOHlTAjO/MuLpFEuOZVS+ea0UL2YxZFFB+gQHSMHnaEqukI1VEcUPaJn9IrerCfrxXq3PqatGWs2s4/+wPr8AbrQmQw=</latexit>up-limit [fb]
<latexit sha1_base64="VBrtrUC34qMUJIFii9Pz0V5WmTk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBV0W3bisYB+QhjKZTtqhM0mYuRFrKP6KGxeKuPU/3Pk3TtsstPXAhcM 593LvPUEiuAbH+bYKS8srq2vF9dLG5tb2jr2719Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK8nfuueKc3j6A5GCfMl6Uc85JSAkbr2QQfYA2Rpciq45IC9MPDHXbvsVJwp8CJxc1JGOepd+6vTi2kqWQRUEK0910nAz4gCTgUblzqpZgmhQ9JnnqERkUz72fT6MT42Sg+HsTIVAZ6qvycyIrUeycB0SgIDPe9NxP88L4Xw0s94lKTAIjpbFKYCQ4wnUeAeV4yCGBlCqOLmVkwHRBE KJrCSCcGdf3mRNKsV96xSvT0v167yOIroEB2hE+SiC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6y1YOUz++gPrM8ftOCVYQ==</latexit>
up-limit [fb]
<latexit sha1_base64="VBrtrUC34qMUJIFii9Pz0V5WmTk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBV0W3bisYB+QhjKZTtqhM0mYuRFrKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUEiuAbH+bYKS8srq2vF9dLG5tb2jr2719Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK8nfuueKc3j6A5GCfMl6Uc85JSAkbr2QQfYA2Rpciq45IC9MPDHXbvsVJwp8CJxc1JGO epd+6vTi2kqWQRUEK0910nAz4gCTgUblzqpZgmhQ9JnnqERkUz72fT6MT42Sg+HsTIVAZ6qvycyIrUeycB0SgIDPe9NxP88L4Xw0s94lKTAIjpbFKYCQ4wnUeAeV4yCGBlCqOLmVkwHRBEKJrCSCcGdf3mRNKsV96xSvT0v167yOIroEB2hE+SiC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6y1YOUz++gPrM8ftOCVYQ==</latexit>
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<latexit sha1_base64="SpifDtwAoypLl8zLuvSIXfefpgc=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9iNgh6DHvQYwTwgWZbZSScZMvtgpjcYlvyJFw+KePVPvPk3TpI9aGJBQ1HVTXdXkEih0XG+rcLa+sbmVnG7tLO7t39gHx41dZwqDg0ey1i1A6ZBiggaKFBCO1HAwkBCKxjdzvzWGJQWcfSIkwS8kA0i0RecoZF82w591kV4wox27qDpTX277FScOegqcXNSJjnqvv3V7cU8DSFCLpnWHddJ0MuYQsElTEvdVEPC+IgNoGNoxELQXja/fErPjNKj/ViZipDO1d8TGQu1noSB6QwZDvWyNxP/8zop9q+9TERJihDxxaJ+KinGdBYD7QkFHOXEEMaVMLdSPmSKcTRhlUwI7vLLq6RZrbgXlerDZbl2k8dRJCfklJwTl1yRGrknddIgnIzJM3klb1ZmvVjv1seitWDlM8fkD6zPH0utk28=</latexit>
mT [GeV]
<latexit sha1_base64="ci5I8pVSQVJfUrqX2lGRtliYuQY=">AAAB+XicbVDLS gNBEJz1GeNr1aOXwSB4CrtR0GPQgx4j5AXJssxOOsmQ2QczvcGw5E+8eFDEq3/izb9xkuxBEwsaiqpuuruCRAqNjvNtra1vbG5tF3aKu3v7B4f20XFTx6ni0OCxjFU7YBq kiKCBAiW0EwUsDCS0gtHdzG+NQWkRR3WcJOCFbBCJvuAMjeTbdujXuwhPmNHOPTS9qW+XnLIzB10lbk5KJEfNt7+6vZinIUTIJdO64zoJehlTKLiEabGbakgYH7EBdAyNW Ajay+aXT+m5UXq0HytTEdK5+nsiY6HWkzAwnSHDoV72ZuJ/XifF/o2XiShJESK+WNRPJcWYzmKgPaGAo5wYwrgS5lbKh0wxjiasognBXX55lTQrZfeyXHm8KlVv8zgK5JS ckQvikmtSJQ+kRhqEkzF5Jq/kzcqsF+vd+li0rln5zAn5A+vzBzdQk2I=</latexit>
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<latexit sha1_base64="SpifDtwAoypLl8zLuvSIXfefpgc=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9iNgh6DHvQYwTwgWZbZSScZMvtgpjcYlvyJFw+KePVPvPk3TpI9aGJBQ1HVTXdXkEih0XG+rcLa+sbmVnG7tLO7t39gHx41dZwqDg0ey1i1A6ZBiggaKFBCO1HAwkBCKxjdzvzWGJQWcfSIkwS8kA0i0RecoZF82w591kV4wox27qDpTX277FScOegqcXNSJjnqvv3V7cU8DSFCLpnWHddJ0MuYQsElTEvdVEPC+IgNoGNoxELQXja/fErPjNKj/ViZipDO1d8TGQu1noSB6QwZDvWyNxP/8zop9q+9TERJihDxxaJ+KinGdBYD7QkFHOXEEMaVMLdSPmSKcTRhlUwI7vLLq6RZrbgXlerDZbl2k8dRJCfklJwTl1yRGrknddIgnIzJM3klb1ZmvVjv1seitWDlM8fkD6zPH0utk28=</latexit>
mT [GeV]
<latexit sha1_base64="ci5I8pVSQVJfUrqX2lGRtliYuQY=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4CrtR0GPQgx4j5AXJssxOOsmQ2QczvcGw5E+8eFDEq3/izb 9xkuxBEwsaiqpuuruCRAqNjvNtra1vbG5tF3aKu3v7B4f20XFTx6ni0OCxjFU7YBqkiKCBAiW0EwUsDCS0gtHdzG+NQWkRR3WcJOCFbBCJvuAMjeTbdujXuwhPmNHOPTS9qW+XnLIzB10lbk5KJEfNt7+6vZinIUTIJdO64zoJehlTKLiEabGbakgYH7EBdAyNWAjay+aXT+m5UXq0HytTEdK5+nsiY6HWkzAwnSHDoV72ZuJ/XifF/o2XiShJESK+WN RPJcWYzmKgPaGAo5wYwrgS5lbKh0wxjiasognBXX55lTQrZfeyXHm8KlVv8zgK5JSckQvikmtSJQ+kRhqEkzF5Jq/kzcqsF+vd+li0rln5zAn5A+vzBzdQk2I=</latexit>
FIG. 5. Model independent 2σ exclusion limit on σ(pp → Tj) × BR(T → at) × BR(a → γγ) as
a function of (mT , ma), with integral luminosity 300 fb
−1 and 3000 fb−1.
luminosity 300 fb−1 (3000 fb−1) by requiring its BDT response >∼ 0.1 (-0.1), and BP2 can be
excluded at 2σ with integral luminosity 300 fb−1 (3000 fb−1) by requiring its BDT response
>∼ 0.3 (0.0).
Inversely, if we treat production cross section and BRs as free parameter, then the dis-
tribution of those variables can be use to determine the 2σ exclusion up limit on σ(pp →
Tj) × BR(T → at) × BR(a → γγ), as a function of (mT , ma). For certain (mT , ma), up
limit of σ(pp → Tj) × BR(T → at) × BR(a → γγ) is the smallest signal crosssection that
satisfy S/B > 0.1 and Significance > 2, under the optimal BDT response cut. Repeating
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this process for each spectrum, we obtain Fig. 5, the up-limits of σ(pp → Tj) × BR(T →
at) × BR(a → γγ) on ma V.S. mT plane. Up-limit with luminosity 3000 fb−1 is certainly
much smaller than the up-limit with luminosity 300 fb−1, because significance is approxi-
mately proportion to the square root of integral luminosity. The dependence of sensitivity
on ma is not monotonous. This is mainly because of the combined effect of ∆Rγγ and mγγ.
With a lager ma, mγγ become more sensitive, but inversely ∆Rγγ will be more background-
like. And the region with ma ∼ 150 GeV turns out to be less sensitive.
B. pair production of top partner
For pair production process, we require only one of top partner decays like T → ta(a→
γγ) and t decay leptonically. Another top partner can decay to both ta and Wb, we simply
require t or W decay leptonically. And we let another a (if T decays to ta) decay to gg,
because a → gg is generally the main decay channel in our setting. Thus the X in Fig. 1
at least contain a lepton, a b-jet, and a neutrino. For ta channel there will be another one
jet or two jets from a → gg (these two jets has a probability to be tagged as one), here
we will not pay special attention to these jets. The background process for pair production
channel are the same as the background process for single production channel. But due to
a different signal, which has two b-jets and two leptons, cut-flow need to be modified. Like
what we have done to single production, we also use “basic selection + BDT” to study pair
production process. Basic selection used for pair production are:
1. Exactly two b-jets with pT > 20 GeV and |η| < 2.5.
2. Exactly two leptons (electron or muon) with pT > 20 GeV and |η| < 2.5.
3. Exactly two photons with pT > 20 GeV and |η| < 2.5.
For illustration, we use the same benchmark points as we used in the last sub-section:
BP 1: mT = 800 GeV , ma = 50 GeV (9)
BP 2: mT = 800 GeV , ma = 200 GeV (10)
And we also fix BR(T → ta) and BR(a → γγ) to 50% and 1% temporally. The cut-flow
table of our basic selection for these two BPs and the main backgrounds is given in Tab. II.
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Basic Selection
BP1
(fb)
BP2
(fb)
tt¯h
(h→ γγ)
(fb)
Whjj
(h→ γγ)
(fb)
tt¯γγ
(fb)
tjγγ
(fb)
Wjjγγ
(fb)
thj
(h→ γγ)
(fb)
2 b-jet with
pT > 20 GeV and |η| < 2.5
0.49227 0.66097 0.17970 0.00327 2.38776 1.37838 1.46091 0.00698
2 lepton with
pT > 20 GeV and |η| < 2.5
0.09042 0.12515 0.01776 0.00009 0.23904 0.12609 0.02945 0.00030
2 γ with
pT > 20 GeV and |η| < 2.5
0.03032 0.03911 0.01421 0.00006 0.12698 0.04203 0.01933 0.00021
TABLE II. Cut-flow table of our basic selection criteria. For illustration of signal process in this
table, we fix BR(T → ta), and BR(a→ γγ) to 0.1, 50%, and 1% respectively.
In our pair process, there are two branches of particles with two neutrinos in final state,
so we can not reconstruct top partner mass easily. Instead we replace reconstructed top
partner mass m˜T by the scalar pT sum of all final state objects and missing energy, HT :
HT =
∑
i
pT,i + E/T (11)
Here index ”i” denote two selected b-jets, two selected leptons, two selected photons, and
the first and second hardest jet (which might come from a → gg). HT roughly reflect the
energy scale of hard process, and helps to distinguish signal and background. Furthermore,
we replace η of the hardest jet by missing energy E/T, because of the two heavy resonances
T , generally speaking E/T in signal process is larger than E/T in the SM background process.
For pair production process, we use following variables as input of BDT to distinguish
signal and background:E/T, HT , ∆Rγγ, mγγ, 1st b-jet pT, 2nd b-jet pT,1st γ pT, 2nd γ pT, 1st lepton pT, 2nd lepton pT
 . (12)
In Fig. 6 we show the normalized distributions of six variables that are striking different
for our benchmark signal settings and the SM background. As we expected, HT pick around
2mT , and E/T of signal process are larger than background. The BDT setting we used here
is the as we used in single production. In Fig. 7 we present S/B and Significance as function
13
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FIG. 6. Normalized distributions of the variables that we used to distinguish signal from back-
ground. Here BKG (background) means the combination of all the six background process. The
proportion of each process is proportional to their cross-section after basic selection.
of BDT response cut. Compared with Fig. 4, for BP1 and BP2, single production looks a bit
better than pair production. A comprehensive comparison will be given in next sub-section.
Like what we did in single production process, we also present the 2σ exclusion up limit
on σ(pp → T¯ T ) × BR(T → at) × BR(a → γγ) as a function of (mT , ma). Fig. 8 is our
results. We need to emphasize that this up limit is reliable when BR(T → ta) ≈ BR(T →
bW ) ≈ 0.5. If BR(T → bW ) > 0.5, then Fig. 8 needs to be treated as a conservative
estimation. Because the b-jet and lepton from T → bW is more energetic than that from
T → ta, and thus enhance the search sensitivity. For the same reason, if BR(T → ta) > 0.5
then Fig. 8 needs to be treated as an over-optimistic up limits. In next section we will
interpret this model independent limit to concrete model.
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2  exclusion limit
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<latexit sha1_base64="PZdOqi18A+1u/mLTgT2WN8RoFHE=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCK5qUgVdlrpxWdFeoC1lMp20QyeTMDMRSsjGV3HjQhG3PoY738ZJG0Rbfxj4+M85zDm/F3GmtON8WUvLK6tr64WN4ubW9s6uvbffVGEsCW2QkIey7WFFORO0oZnmtB1JigOP05Y3vs7qrQcqFQvFvZ5EtBfgoWA+I1gbq28fdgOsRwTz5C49++Fa2rdLTtmZCi2Cm0MJctX79md3EJI4oEITjpXquE6kewmWmhFO02I3VjTCZIyHtGNQ4ICqXjI9IEUnxhkgP5TmCY2m7u+JBAdKTQLPdGYrqvlaZv5X68Tav+olTESxpoLMPvJjjnSIsjTQgElKNJ8YwEQysysiIywx0SazognBnT95EZqVsntertxelKq1PI4CHMExnIILl1CFG6hDAwik8AQv8Go9Ws/Wm/U+a12y8pkD+CPr4xsRapa1</latexit>
S/B = 0.1
<latexit sha1_base64="zPSdk6bOjVewQtm2xXM5Dq3Ms08=">AAACBHicbZDLSs NAFIZPvNZ6i7rsJlgEVzGpgm6EUjcuK9oLtKFMppN26GQSZiZCCV248VXcuFDErQ/hzrdx0gbR1h8GPv5zDnPO78eMSuU4X8bS8srq2npho7i5tb2za+7tN2WUCEwaOGKR aPtIEkY5aSiqGGnHgqDQZ6Tlj66yeuueCEkjfqfGMfFCNOA0oBgpbfXMUjdEaogRS28nJz9cm1w6ttszy47tTGUtgptDGXLVe+Zntx/hJCRcYYak7LhOrLwUCUUxI5NiN5E kRniEBqSjkaOQSC+dHjGxjrTTt4JI6MeVNXV/T6QolHIc+rozW1PO1zLzv1onUcGFl1IeJ4pwPPsoSJilIitLxOpTQbBiYw0IC6p3tfAQCYSVzq2oQ3DnT16EZsV2T+3Kz Vm5WsvjKEAJDuEYXDiHKlxDHRqA4QGe4AVejUfj2Xgz3metS0Y+cwB/ZHx8AwFFl6k=</latexit>
FIG. 7. Left: S/B as functions of BDT response cut. Right: Significance as functions of BDT
response cut. Unlike S/B, Significance also depends on integral luminosity.
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<latexit sha1_base64="U9oup+xkyL9nfxEn7OXOI/xXsC0=">AAACCXicbVC7SgNBFJ2NrxhfUUubwUSwMewmgpZBGwuLCOYByRpmJ7PJkNnZZeauuC xpbfwVGwtFbP0DO//GyaPQxAMXDufcy733eJHgGmz728osLa+srmXXcxubW9s7+d29hg5jRVmdhiJULY9oJrhkdeAgWCtSjASeYE1veDn2m/dMaR7KW0gi5gakL7nPKQEjdfO4A+wB0us44DLUHBJcsW0bF33vLj1xRsVRN1+wS/YEeJE4M1JAM9S6+a9OL6RxwCRQQbRuO3YEbkoUcCrYKNeJNYsIHZI+axsqScC0m 04+GeEjo/SwHypTEvBE/T2RkkDrJPBMZ0BgoOe9sfif147BP3dTLqMYmKTTRX4sMIR4HAvuccUoiMQQQhU3t2I6IIpQMOHlTAjO/MuLpFEuOZVS+ea0UL2YxZFFB+gQHSMHnaEqukI1VEcUPaJn9IrerCfrxXq3PqatGWs2s4/+wPr8AbrQmQw=</latexit>up-limit [fb]
<latexit sha1_base64="VBrtrUC34qMUJIFii9Pz0V5WmTk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBV0W3bisYB+QhjKZTtqhM0mYuRFrKP6KGxeKuPU/3Pk3TtsstPXAhcM 593LvPUEiuAbH+bYKS8srq2vF9dLG5tb2jr2719Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK8nfuueKc3j6A5GCfMl6Uc85JSAkbr2QQfYA2Rpciq45IC9MPDHXbvsVJwp8CJxc1JGOepd+6vTi2kqWQRUEK0910nAz4gCTgUblzqpZgmhQ9JnnqERkUz72fT6MT42Sg+HsTIVAZ6qvycyIrUeycB0SgIDPe9NxP88L4Xw0s94lKTAIjpbFKYCQ4wnUeAeV4yCGBlCqOLmVkwHRBE KJrCSCcGdf3mRNKsV96xSvT0v167yOIroEB2hE+SiC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6y1YOUz++gPrM8ftOCVYQ==</latexit>
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<latexit sha1_base64="VBrtrUC34qMUJIFii9Pz0V5WmTk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBV0W3bisYB+QhjKZTtqhM0mYuRFrKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUEiuAbH+bYKS8srq2vF9dLG5tb2jr2719Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK8nfuueKc3j6A5GCfMl6Uc85JSAkbr2QQfYA2Rpciq45IC9MPDHXbvsVJwp8CJxc1JGO epd+6vTi2kqWQRUEK0910nAz4gCTgUblzqpZgmhQ9JnnqERkUz72fT6MT42Sg+HsTIVAZ6qvycyIrUeycB0SgIDPe9NxP88L4Xw0s94lKTAIjpbFKYCQ4wnUeAeV4yCGBlCqOLmVkwHRBEKJrCSCcGdf3mRNKsV96xSvT0v167yOIroEB2hE+SiC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6y1YOUz++gPrM8ftOCVYQ==</latexit>
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<latexit sha1_base64="SpifDtwAoypLl8zLuvSIXfefpgc=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9iNgh6DHvQYwTwgWZbZSScZMvtgpjcYlvyJFw+KePVPvPk3TpI9aGJBQ1HVTXdXkEih0XG+rcLa+sbmVnG7tLO7t39gHx41dZwqDg0ey1i1A6ZBiggaKFBCO1HAwkBCKxjdzvzWGJQWcfSIkwS8kA0i0RecoZF82w591kV4wox27qDpTX277FScOegqcXNSJjnqvv3V7cU8DSFCLpnWHddJ0MuYQsElTEvdVEPC+IgNoGNoxELQXja/fErPjNKj/ViZipDO1d8TGQu1noSB6QwZDvWyNxP/8zop9q+9TERJihDxxaJ+KinGdBYD7QkFHOXEEMaVMLdSPmSKcTRhlUwI7vLLq6RZrbgXlerDZbl2k8dRJCfklJwTl1yRGrknddIgnIzJM3klb1ZmvVjv1seitWDlM8fkD6zPH0utk28=</latexit>
mT [GeV]
<latexit sha1_base64="ci5I8pVSQVJfUrqX2lGRtliYuQY=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4CrtR0GPQgx4j5AXJssxOOsmQ2QczvcGw5E+8eFDEq3/izb 9xkuxBEwsaiqpuuruCRAqNjvNtra1vbG5tF3aKu3v7B4f20XFTx6ni0OCxjFU7YBqkiKCBAiW0EwUsDCS0gtHdzG+NQWkRR3WcJOCFbBCJvuAMjeTbdujXuwhPmNHOPTS9qW+XnLIzB10lbk5KJEfNt7+6vZinIUTIJdO64zoJehlTKLiEabGbakgYH7EBdAyNWAjay+aXT+m5UXq0HytTEdK5+nsiY6HWkzAwnSHDoV72ZuJ/XifF/o2XiShJESK+WN RPJcWYzmKgPaGAo5wYwrgS5lbKh0wxjiasognBXX55lTQrZfeyXHm8KlVv8zgK5JSckQvikmtSJQ+kRhqEkzF5Jq/kzcqsF+vd+li0rln5zAn5A+vzBzdQk2I=</latexit>
FIG. 8. Model independent 2σ exclusion limit on σ(pp→ T¯ T )× BR(T → at)× BR(a→ γγ) as
a function of (mT , ma), with integral luminosity 300 fb
−1 and 3000 fb−1.
C. single production V.S. pair production
Another issue we try to study is the comparison of search sensitivity between signal
production and conventional pair production. As illustrated in Fig. 2, σ(pp → Tj) will
excess σ(pp → T T¯ ) when mT is large enough. But for a realistic analysis, we also need to
consider the effect of background. It is obvious from Fig. 5 and Fig. 8 that the exclusion up-
limits of single production is much smaller than the exclusion up-limits of pair production.
But the production crosssection of these two processes are also different. In order to clearly
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ma = 250 GeV
<latexit sha1_base64="P9sygbeuhKh9c61/kFG5YzfyAvU=">AAAB/nicbVDJSgNBEO1xjXGLiicvjYngKcxERS9C0IMeI5gFkmHo6VSSJj0L3TViGAL+ihcPinj1O 7z5N3aWgyY+KHi8V0VVPT+WQqNtf1sLi0vLK6uZtez6xubWdm5nt6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eup+/3rk1x9AaRGF9ziIwQ1YNxQdwRkaycvttxAeMS0EHrss0NKZTW+gNvRyebtoj0HniTMleTJFxct9tdoRTwIIkUumddOxY3RTplBwCcNsK9EQM95nXWgaGrIAtJuOzx/SI6O0aSdSpkKkY/X3RMoCrQeBbzoDhj09643E/7xmgp 0LNxVhnCCEfLKok0iKER1lQdtCAUc5MIRxJcytlPeYYhxNYlkTgjP78jyplYrOSbF0d5ovX03jyJADckiOiUPOSZnckgqpEk5S8kxeyZv1ZL1Y79bHpHXBms7skT+wPn8A5s+UJQ==</latexit>
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FIG. 9. 2σ exclusion integral luminosity as functions of mT for single and pair production at 14
TeV LHC. Several value for ma and BR(a → γγ) are chosen. BR(T → ta) and κTW are fixed to
0.5 and 0.1 respectively.
compare the search sensitivity, it is better to show the integral luminosity at 14 TeV LHC
which is needed for a parameter point to be excluded at 2σ level, under different search
channel. For this purpose, we fix BR(T → ta) = 0.5 and κTW = 0.1, then choose several
specific value for ma and BR(a → γγ). So the 2σ exclusion integral luminosity can be
present as a function of mT . Fig. 9 is the results. It clearly shows that pair production is
more sensitive when mT <∼ 1.1 TeV, and single production is more sensitive when mT >∼ 1.1
TeV.
A more realistic comparison can be performed by fixing the 14 TeV LHC integral lumi-
nosity to 3000 fb−1, and treat BR(a → γγ) as a free parameter. Then pair production
channel and single production channel can exclude two regions on mT V.S. BR(a → γγ)
plane at 2σ level. In Fig. 10 we present the excluded region, and as one can expect, single
production channel exclude more parameter space when mT >∼ 1.1 TeV.
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FIG. 10. 2σ exclusion limit on mT V.S. BR(a→ γγ) plane for single and pair production. Here
we consider 14 TeV LHC with integral luminosity 3000 fb−1. BR(T → ta) and κTW are fixed to
0.5 and 0.1 respectively.
IV. INTERPRETATION OF CONCRETE MODEL
In this section we interpret the model independent exclusion limits we obtained in the
last section to concrete models. As explained in Sec. II, in this work we treat T → Zt,
T → ht, and a → f¯f as negligible. And for simplicity we further close all the right-hand
couplings. Thus our Lagrangian can be simplified as:
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FIG. 11. BR(T → ta) and BR(T → bW ) in Model 1(2) as functions of mT , under different ma
value.
σ(pp→ Tj) is proportional to (κTW )2, and the decay width of T can be expressed as:
Γ(T → Wb) = (κTW )2
m3Tg
2
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ΓW (mT ,mW ,mb) , (15)
Γ(T → ta) = (κTa )2
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2
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Γa(mT ,ma,mt) (16)
Those kinematic functions are:
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with phase space function λ(a, b, c) defined as:
λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc (19)
For pseudo-scalar a, actually we only need to know the ratio between Γ(a → γγ) and
Γ(a → gg). It is because strong coupling gs is much larger than electro-weak coupling g,
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FIG. 12. Left: 2σ exclusion region on mT −ma plane for Model 1 and Model 2, through single
production channel. Left: 2σ exclusion region on mT −ma plane for Model 3 and Model 4, through
pair production channel. Here we only show the result under L = 3000 fb−1.
thus the total decay width of a is approximately determined by Γ(a → gg). BR(a → γγ)
can be estimated by:
BR(a→ γγ) ≈ Γ(a→ γγ)
Γ(a→ gg) =
α2EM(K
a
γ )
2
8α2S(K
a
g )
2
(20)
(mT , ma) are treated as free parameters, and K
a
Z , K
a
Zγ, K
a
W , and fa are not relevant to our
collider analysis. Limits from di-boson resonance search can be easily avoided by assuming
fa a large value. So except mT and ma, we only have four input parameters for a simplified
model:
κTW , κ
T
a , K
a
γ , K
a
g (21)
For illustration, we consider two models for exclusion limits interpreting:
Model 1: κTW = 0.1 , κ
T
a = 0.11 , K
a
γ = 1.0 , K
a
g = 0.5 (22)
Model 2: κTW = 0.1 , κ
T
a = 0.11 , K
a
γ = 1.2 , K
a
g = 0.8 (23)
The difference of these two models are BR(a→ γγ), which are 0.22% and 0.12% for Model
1 and Model 2. BR(T → ta) and BR(T → bW ) are the same for two models, but they
depends on ma and mT . In Fig. 11 we present BR(T → ta) and BR(T → bW ) as functions
of mT , with ma fixing to 50 GeV and 300 GeV. In most parameter space, we have BR(T →
ta) ≈ BR(T → bW ) ≈ 0.5, so the up limit in Fig. 8 can be used. While in the light
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mT and heavy ma region, due to phase space suppression, BR(T → ta) decreases and
BR(T → bW ) > 0.5. So as we explained in the end of the last section, in this region Fig. 8
can be treated as conservative up bounds.
After calculating BR(T → at) and BR(a → γγ) by these couplings and spectrum, we
can compare σ(pp → Tj) × BR(T → at) × BR(a → γγ) and σ(pp → T T¯ ) × BR(T →
at)×BR(a→ γγ) of each (mT , ma) with the up limit presented in Fig. 5 and Fig. 8. Then
the exclusion limit on mT − ma plane can be obtained. Fig. 12 is the exclusion limit on
mT −ma plane for all models. It shows that if BR(T → ta) is around 0.5 and BR(a→ γγ)
is around O(0.1%), we can exclude mT up to TeV scale at future high luminosity LHC.
The detecting ability of single production is more sensitive on the value of BR(a → γγ).
Sensitivity of single production channel is greatly enhanced with BR(a → γγ) increasing.
Our results also shows that the single production channel become more sensitive when ma
is getting light. On the contrary, pair production search channel is more robust against the
value of BR(a→ γγ) and ma.
V. CONCLUSIONS
The vector-like top partner and the pseudo-Nambu Goldstone Boson are two key features
of composite Higgs models. In this paper, we studied the observability of a new signature
of top partner decaying to pNGB, T → ta, through the production processes pp→ Tj and
pp → T T¯ at the LHC. We found the the clean decay channel of pNGB, a → γγ, helps
to suppress the huge QCD background, even the branching ratio of a → γγ is as small as
O(0.1%). Model independent exclusion limits for single and pair production are present, and
can be easily interpreted to concrete model. We also compare the direct search sensitivity of
single and pair production channel. We found that the single production process pp → Tj
can be more sensitive than the conventional pair production process pp→ T¯ T when mT >∼
1.1 TeV.
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